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H I G H L I G H T S
• Water vapor from GOME-2 is compared against GPS measurements at Iberian Peninsula.
• Mean Bias Error of GOME-2/GPS increases when cloud fraction decreases.
• Mean Bias Error of GOME-2/GPS increases when solar zenith angle increases.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o
Water vapor column (WVC) obtained by GOME-2 instrument (GDP-4.6 version) onboard MetOp-A satellite platform is compared against reference WVC values derived from GPS (Global Positioning System) instruments from 2007 to 2012 at 21 places located at Iberian Peninsula. The accuracy and precision of GOME-2 to estimate the WVC is studied for different Iberian Peninsula zones using the mean (MBE) and the standard deviation (SD) of the GOME-2 and GPS differences. A direct comparison of all available data shows an overestimation of GOME-2 compared to GPS with a MBE of 0.7 mm (10%) and a precision quantified by a SD equals to 4.4 mm (31%). South-Western zone presents the highest overestimation with a MBE of 1.9 mm (17%), while Continental zone shows the lowest SD absolute value (3.3 mm) due mainly to the low WVC values reached at this zone. The influence of solar zenith angle (SZA), cloud fraction (CF), and the type of surface and its albedo on the differences between GOME-2 and GPS is analyzed in detail. MBE and SD increase when SZA increases, but MBE decreases (taking negative values) when CF increases and SD shows no significant dependence on CF. Under cloud-free conditions, the differences between WVC from GOME-2 and GPS are within the WVC error given by GOME-2.
Introduction
Water vapor is a greenhouse gas mainly located in the lower troposphere which presents an infrared absorption accounting for about 60% of the natural greenhouse effect for cloud-free skies (Kiehl and Trenberth, 1997) . Additionally, it provides latent heating caused by the water vapor condensation; water vapor represents a positive climate feedback according to general circulation models (Colman 2003; Soden and Held, 2006) . All this makes that water vapor plays a key role in the climate change, atmospheric temperature and heating exchange and transfer (IPCC, 2013) .
In order to quantify the amount of water vapor in the atmosphere, the content of the water vapor column (WVC) is expressed as the height (mm) that would reach the water if all of the water vapor contained in a vertical column of unit horizontal cross section were condensed into liquid. WVC can be measured by different techniques like radiosounding from weather balloons equipped with pressure, temperature and humidity sensors (e.g., Ross and Elliott, 2001; McMillin et al., 2007; Durre et al., 2009) , and radiometry from radiative measurements in the absorption spectral bands of water vapor using spectrometers, microwave radiometers and sun photometers (e.g., Cachorro et al., 1987; 1998; Livingston et al., 2007; Schneider et al., 2010; Pérez-Ramírez et al., 2014) .
Furthermore, WVC values are also derived from ground-based GPS (Global Positioning System) receivers, since atmospheric water vapor causes a delay in the GPS satellites signal (Hogg et al., 1981; Resch, 1984) . WVC can be retrieved from the so called Zenith Total Delay (ZTD) of GPS signal, which is determined from actual measurements of GPS receivers (Herring et al., 1990; Tralli and Lichten, 1990; Duan et al., 1996) . The quality of the WVC data from GPS receivers has been evaluated by means of comparisons with different instruments and techniques, reporting root mean square errors between 1 and 3 mm (Ortiz de Galisteo et al., 2014) .
Several instruments on board satellite platforms can also retrieve WVC values. Among others: MODIS on board Terra and Aqua satellites (Kaufman and Gao, 1992) , SSMIS on board F16 satellite (Wentz, 2013) , MERIS (Lindstrot et al., 2012) and SCIAMACHY (Bovensmann et al., 1999; Mieruch et al., 2006) on board Envisat satellite, GOME on board ERS-2 satellite Noël et al., 2006) , and GOME-2 on board MetOp-A and MetOp-B satellites (Munro et al., 2006; Noël et al., 2008; Grossi et al., 2015) . These satellite instruments provide a full spatial coverage, allowing a global analysis of the WVC values. Nevertheless, the satellite WVC observations must be inter-compared against reliable measurements in order to assure their quality. For this goal, WVC data from GPS instruments have proved to be an excellent reference (e.g., Baker et al., 2001; Li et al., 2003; Mears et al., 2015) .
In this framework, the main objective of this work is to carry out a detailed validation of the GOME-2 WVC data using GPS measurements at the Iberian Peninsula. Although WVC data derived from GOME-2 have been already validated against diverse techniques (e.g., Kalakoski et al., 2011 Kalakoski et al., , 2014 Grossi et al., 2013 Grossi et al., , 2015 Antón et al., 2015) , this study should be considered as complementary since the satellite and ground-based measurements are compared under different conditions in order to quantify the effect of several factors affecting the accuracy and precision of the GOME-2 retrieval.
The study region is focused on the Iberian Peninsula which presents several climatological scenarios (e.g., Mediterranean, Atlantic and Continental climates). Hence a satellite validation in this area can be useful to see the behavior of satellite product against different conditions. Some authors studied and remarked the importance of water vapor at the Iberian Peninsula comparing different techniques (Torres et al., 2010; Ortiz de Galisteo et al., 2011 . In addition, Bennouna et al. (2013) and Román et al. (2014b) compared WVC inferred by MODIS instrument at different places located in the Iberian Peninsula. However, to our knowledge, the validation of GOME-2 WVC at Iberian Peninsula has not been performed yet.
This paper is structured as follows: Section 2 presents a detailed description of the satellite and ground-based data used in this work. The applied methodology to select the measurements together with the indices used to analyze the accuracy and precision of GOME-2 WVC data are explained in detail in Section 3. Section 4 shows the detailed comparison between satellite and ground-based WVC data under different conditions. Finally, the main conclusions are summarized in Section 5.
Instrumentation and data
2.1. Satellite observations GOME-2 is an improved version of the GOME instrument, being a medium-resolution double UV-VIS-NIR spectrometer. The primary product of the GOME-2 mission is the total atmospheric content of ozone and the vertical ozone profile, but it also provides accurate information on the total column amount of water vapor, sulfur dioxide, total and tropospheric nitrogen dioxide, bromine oxide and other trace gases, as well as aerosols and cloud properties. Its default swath width of the scan is 1920 km which enables global coverage of the Earth's surface within 1.5 days and a maximum ground pixel resolution (across track × along track) of 80 km × 40 km (EUMETSAT, 2011) . The WVC data used in this work were derived from the GOME Data Processor (GDP, versions 4.6) generated by the German Aerospace Center, Remote Sensing Technology Institute (DLR-IMF) in the framework of the EUMETSAT Satellite Application Facility on Atmospheric Chemistry Monitoring (O3M SAF) (Valks et al., 2011) .
The WVC retrieval implemented in GDP is based on the classical DOAS (Differential Optical Absorption) fitting algorithm using the wavelength region of 614-683 nm followed by non-linearity absorption correction and finally the calculation of the vertical column density using an air mass factor derived from the measured O 2 absorption. For more details see (Grossi et al., 2015) and references herein.
Besides WVC, the following GOME-2 parameters provided in the HDF5 products were also used in this study: "SolarZenithAngleCentre" which is the SZA at the surface for the pixel center; "CloudFraction" which is the cloud fraction (CF) ranging from 0 to 1; "SurfaceAlbedo" which is the climatological Surface Albedo (SA) used for cloud retrieval; "SurfaceConditionFlags" is an Albedo Flag (AF) for different pixel retrieval conditions, being equal to 1 when at least 60% of the ground pixel's area is classified as "sea" and equal to 0 for "land" (other flags are for subpixels affected by sun-glint or ice/snow presence); "H2O_Flag" is a flag indexing WVC observations (different to 0 for measurement in cloudy and/or elevation conditions); "H2O_Error" which is the retrieval error (ε) of the WVC observations. According to Loyola et al. (2012) , the expected accuracy and precision of GOME-2 WVC products are between 10-25% and 5-20%, respectively; while the expected accuracy and precision of CF is below 10%.
GPS data
The WVC data used as reference in this work were retrieved following the method described by Bevis et al. (1992) , who quantified the MetOp-A, Iberian Peninsula uncertainty of this WVC in 0.2 mm. This method relies on ZTD measurements recorded by GPS receivers at 21 ground-based stations located in Spain (Fig. 1) ; these GPS data are processed by the Spanish Geographic Institute "Instituto Geográfico Nacional" (IGN), which belongs to the European Reference Frame (EUREF) as local analysis center. In addition, pressure and temperature data are required, which were obtained from the nearest available meteorological station of the Spanish Meteorological State Agency (AEMET). These temperature and pressure data were interpolated to the time of ZTD measurements (Ortiz de Galisteo, 2014). The temperature was linearly interpolated while the pressure was interpolated taking into account the barometric tide, which over Spain presents a semi-diurnal cycle with maximum values around 10:00 and 22:00 UTC, the minimum around 04:00 and 16:00 UTC, and a mean amplitude of 0.5 hPa (Ray and Ponte, 2003) . Additionally, a correction based on the altitude difference between GPS and meteorological stations was applied to the data considering a standard atmosphere with a temperature vertical gradient of 6.5°C km −1 . Finally, hourly WVC data at the 21 GPS stations were available for this work, considering the period from 2007 to 2012. The selected ground-based stations are classified in different zones: North-Atlantic (NA), Continental (C), Mediterranean (M), and SouthWestern (SW). This classification is based on the previous study of Bennouna et al. (2013) . The stations of Ceuta (ceu1) and Mallorca (mall) are not properly in the Iberian Peninsula, but they were also used due to their proximity to the Iberian Peninsula and their Mediterranean conditions.
Methodology

Inter-comparison criteria
The spatial co-location criterion followed in this paper to select GOME-2 WVC data was to work with those satellite observations in which the distance (Δr) between the center of the satellite pixel and the ground-based GPS station was the lowest, and always less than 100 km.
The comparison with GPS data near the coast is based on GOME-2 data covering mixed land/ocean area and the comparison with remaining data just with land area; therefore the measurements affected by sun-glint were removed in order to study the effect only of land and sea classified pixels. Once the GOME-2 data were obtained at each station (within 100 km of distance and rejecting sun-glint data), the WVC data (but not the other parameters from GOME-2 products) under an "H2O_Flag" above zero (heavy cloudy conditions) were rejected. Table 1 shows the number of GOME-2 measurements selected in each location from 2007 to 2012 (~1600) before the rejection of "H2O_Flag" above 0; however, the final number of available WVC data ("H2O_flag" equal to 0) is always smaller than 1400 (~75% of all GOME-2 data). Regarding the temporal criterion followed in this work to compare GOME-2 and GPS WVC values, the hourly data of GPS closest to the overpass satellite time (usually between 08:30 and 11.30 UTC) were selected every day at each station. Nevertheless, if the temporal difference between GOME-2 overpass and the selected GPS measurement in a day was higher than 30 min because GPS data is missing, this day was removed from the inter-comparison. Table 2 displays the number of pairs of GOME-2/GPS data used in the inter-comparison for each ground-based station applying the spatial and temporal co-location criteria, in addition to the "H2O_flag" criterion.
Table 1
Characteristics of the GPS stations and some values obtained from GOME-2 at these places using the GDP-4.6 data from 2007-2012: the number of measurements available from GOME-2 (N); the number of water vapor data available from GOME-2 (N vap ); the averaged water vapor column (w); the averaged cloud fraction (CF); the percentage of data under cloud-free conditions (CF = 0); the percentage of data under cloudy conditions (CF N 0.5); the averaged climatological Surface Albedo (SA); the percentage of data marked with an albedo flag equal to zero (AF = 0) and the percentage of data marked with an albedo flag equal to one (AF = 1). 
Accuracy and precision indices
The comparison between the WVC values retrieved by GOME-2 and GPS was carried out using the distribution of differences Δ. The distribution Δ s for a given station "s" is formed by N s elements, and the i-element of Δ s was calculated in physical units by:
and in a relative way in percentage:
where w s,i GOME and w s,i GPS are the WVC for the station "s" at a specific day (fixed by the i-index) obtained by GOME-2 and GPS, respectively. In order to study the precision and accuracy of the WVC obtained by GOME-2, two statistical indices were applied to the Δ s distribution: the Mean Bias Error (MBE), which indicate the accuracy (more accurate when MBE is closer to zero) of GOME-2 to fit within GPS water vapor column measurements; and the standard deviation of Δ (SD), which is useful to analyze the precision (more precise when SD is lower) of WVC of GOME-2 within the WVC of GPS. MBE and SD for a given station "s" (MBE s , and SD s ) were calculated using the following equations:
where N s is the number of pairs of WVC data (GOME-2 and GPS) available at the station "s", and Δ s is the distribution of differences between GOME-2 and GPS for the station "s". MBE s and SD s can be calculated in physical or relative units depending on whether Δ s is calculated by Eq. (1) or Eq. (2).
In order to obtain a representative value of MBE and SD for a given zone "z" (MBE z and SD z ) represented by various stations, the values of MBE s and SD s were averaged for the different stations of the zone "z" using the next equations:
where N sta is the number of stations used to obtain the value of MBE z and SD z in the zone "z"; if a MBE s or SD s value was calculated with less than 10 measurement pairs, then it was not used to obtain MBE z or SD z . This method to calculate MBE and SD in a zone "z" was chosen in order to give the same weight to each station in the calculated zone, independently on the number of data of each station. Finally, in order to quantify the variation of MBE z and SD z within the calculated Fig. 2 . Monthly mean values of WVC (w), CF, SA and AF = 0 (in %) using the available GOME-2 data from GDP-4.6 version. The WVC values were obtained using only the data when both GOME-2 and GPS data were available. Statistical estimators of the direct comparison of water vapor column from GOME-2 versus GPS at different stations: number of data used (N); y-intercept (y 0 ), slope (b) and correlation coefficient (r) of the linear fit; Mean Bias Error (MBE s ); standard deviation of the GOME-2 minus GPS distribution (SD s ) in mm and %; the percentage of GOME-2 minus GPS differences lower than the GOME-2 error υ(Δ s b ε) and lower than twice the GOME-2 error υ(Δ s b 2ε). zone, the standard deviation of these coefficients (std(MBE z ) and std(SD z )) were calculated as follows:
The accuracy and precision of WVC obtained by GOME-2 in a given zone "z" formed by N sta "s" stations, and their variation in this zone, are well quantified by the explained indices and their standard deviations. Note that SD and std() are both calculated as standard deviation but their meaning is different; SD represents the precision of GOME-2 to obtain WVC, and the std(SD) means how this precision varies in a zone (in the case of std(MBE) it means how the accuracy varies). To simplify, when MBE z and SD z are obtained for the zone "all" (taking all available stations), the "z" sub-index is removed.
Other indices used to quantify the agreement between GOME-2 and GPS data were the slope (b), y-intercept (y 0 ) and correlation coefficient (r) of the linear Least-Squares fit between GOME-2 as a function of GPS data. Finally, the error, ε, of a measurement, X, usually indicates that the probability of finding the true value of the measured variable within the confidence interval (X − ε, X + ε) is 68%, while this probability is 95% for the confidence interval (X − 2ε, X + 2ε) (Román et al., 2014a) ; therefore, the frequency of the difference Δ s lower than ε, υ(Δ s b ε), and 2ε, υ(Δ s b 2ε), were calculated at each station. If the differences between GOME-2 and GPS are within the GOME-2 error, then υ(Δ s b ε) and υ(Δ s b 2ε) should be similar to 68% and 95%, respectively; hence υ(Δ s b ε) and υ(Δ s b 2ε) were used to estimate if the obtained differences are within the GOME-2 error.
Results and discussion
Analysis of ground-based stations from satellite observations
All GOME-2 available data were averaged for each ground-based station, and the results are shown in Table 1 
GOME-2 vs GPS under different conditions
All conditions
Firstly, the GOME-2 WVC data were directly compared with GPS data in each study location using different statistical parameters whose values can be found in Table 2 . The values for the row named "All" were obtained using all available data from all stations together. The slopes closest to 1 appear for NA station with low values of y 0 , which points out a good agreement in this region. The lowest slopes are in the Mediterranean and Continental areas (being up to 0.73), while the highest values of y 0 appear at SW region. The correlation coefficient (r) of the least square fit is similar for all stations, ranging from 0.80 to 0.87, which indicates a high correlation between the GOME-2 and GPS WVC values. υ(Δ s b ε) and υ(Δ s b 2ε) are also included in Table 2 , being slightly lower than the expected values; υ(Δ s b ε) ranging from 42% to 62% and υ(Δ s b 2ε) from 80% to 93%. This result indicates that a non-negligible percentage of the differences between GOME-2 and GPS cannot be explained by the expected uncertainties inherent to the GDP retrieval.
The values of MBE s and SD s calculated using Eq. (3) are also included in Table 2 both in mm as well as in percentage. The absolute MBE is positive (indicating that GOME-2 overestimates the GPS measurements), except in three and four stations at Continental and Mediterranean areas, respectively. MBE s is lower than + 10% for NA area; the Table 3 Statistical estimators of the direct comparison of water vapor column from GOME-2 versus GPS for different SZA conditions for each climatic zone. The values are the average of the estimators at the N sta stations used in each zone, and the standard deviation of these averaged values is given in parentheses. The MBE s obtained in this work using all data-stations together was +0.7 mm (+10%). These results point out better accuracy in the Iberian Peninsula for GOME-2 than for MODIS/Terra instrument (IR algorithm), which presented a MBE equal to 1.0 mm as reported by Román et al. (2014b) . Kalakoski et al. (2014) compared GOME-2 WVC data against GPS data at different worldwide locations, obtaining a MBE of + 15%, substantially higher than the MBE value derived from our analysis.
SZA dependence
A notable dependency on SZA of the difference between GOME-2 WVC data and radiosounding measurements has been reported in literature (e.g., Grossi et al., 2013; Kalakoski et al., 2014; Antón et al., 2015) . In order to check if this dependency also appears when GPS data are used as reference, MBE z and SD z were calculated for three SZA intervals averaging the four geographical zones and all stations. Table 3 shows the different statistical parameters calculated for SZA b 40°, 40°b SZA ≤ 65°and SZA N 65°. The WVC values inferred from GOME-2 at NA, C, and M areas present a great agreement with GPS measurements for SZA below 40°, while this agreement is also reasonably good but with a notable overestimation (MBE z = +8.3%) at SW region.
The precision is similar for all zones at each SZA interval. The accuracy and precision of GOME-2 data worsen when SZA increases, overestimating the GPS data. Overall, the variation of SD z inside each zone is low, exhibiting more changes in the Continental area. Regarding the average values in a "z" zone of υ(Δ s b ε) (υ z ðΔ s b εÞ) and υ(Δ s b 2ε) (υ z ðΔ s b 2εÞ), all them present smaller values than the expected, but in most cases υ z ðΔ s b 2εÞ is closer to the expected value of 95%. The increase of the relative MBE when increasing SZA was also observed when radiosounding data were used as reference instead of GPS measurements Fig. 3 . Average of the MBE and SD (upper panels) of the N sta stations as a function of SZA for three CF and two AF conditions; these averages are in absolute (left) and relative (right) value. The error bars (only for AF = 0) are the standard deviation of the MBE s and SD s used to calculate the mean MBE and SD. Stacked bar plots (lower panels) represent the number of stations used to calculate the averaged MBE and SD (N sta ), and the total number of available water vapor data at the N sta stations (N), for three cloud conditions and different SZA bins; these values are represented for AF = 0 (left) and AF = 1 (right).
(e.g., Grossi et al., 2013; Kalakoski et al., 2014) . Antón et al. (2015) suggested that this SZA dependency could be related to inaccuracies in the geometrical correction factor applied in the GOME-2 retrieval algorithm to determine the air mass factor (AMF) of the water vapor.
The SZA dependency of the GOME-2/GPS differences may be also affected by other factors like cloudiness and albedo conditions. In fact, the broad range of SZA values analyzed is only achieved when different seasons are covered (small SZA exclusively in summer, large SZA exclusively in winter); how different seasons are linked with different levels of WVC and cloudiness, this dependence must be minimized. For this goal, relative MBE and SD remove the effect of WVC seasonal variation, and the cloud cover bins helps to avoid the dependence on seasonal variation of cloudiness. In this sense, the absolute and relative MBE and SD were calculated at 5°SZA bins from 20°to 75°for AF = 0 (land) and AF = 1 (sea), and for three different sky conditions: cloudfree (CF = 0), cloudy (CF N 0.5) and all cases (All). Other authors (e.g., Antón et al., 2015) considered cloud-free conditions when CF b 0.1, but the amount of data of the present work is enough to only considered CF = 0 as cloud-free, in order to guaranty this condition. The obtained results together with the number of data used in the analysis are plotted in Fig. 3 . Furthermore, the std(MBE) and std(SD) are included in the panels for the values calculated with AF = 0.
For those cases with SZA below 40°under cloud-free conditions, the accuracy of GOME-2 is high for AF = 0, while GOME-2 clearly overestimates GPS measurements for AF = 1. In contrast, for the same SZA interval but under cloudy conditions, GOME-2 strongly underestimates GPS for AF = 0, while the MBE is near zero for AF = 1. These results suggest that GOME-2 retrieval algorithm overestimates WVC data for surface conditions flagged as sea under cloud-free conditions. Regarding the precision given by SD values for SZA lower than 40°, GOME-2 is more precise in land and under cloud-free conditions, followed by cloudy conditions in land and cloud-free in sea (around 2.5 mm; 10-15%).
For those cases with SZA above 40°(when number of cloudy data increases), the cloud-free and cloudy GOME-2 data increase the relative overestimation with increasing SZA (for land albedo flag). The MBE values closest to zero are found for sea flag cases under cloudy conditions, which is caused due to the balanced effects over the GOME-2 retrieval algorithm: cloudy cases reduce MBE while the "sea" cases increase it. This balanced effect is not recorded by the SD parameter, reporting values higher than 20% for those conditions.
The strong SZA dependence shown in this subsection causes a systematic seasonal dependence of GOME-GPS differences. The absolute and relative GOME-GPS differences of the water vapor monthly means (2007) (2008) (2009) (2010) (2011) (2012) were averaged by zones and shown in Table 4 . The absolute differences are usually lower than 10% in spring and summer months for all zones, showing an underestimation of GOME-2 in spring and an overestimation of GOME-2 in the remaining months. NA zone shows the lowest differences in winter likely caused by the offset of SZA and CF effects. SW zone is the area that shows in general the highest differences in the summer months, indicating that GOME-2 retrieval provides worse monthly WVC values in this zone than in the remaining areas. The differences are negative for April and May in all zones, which indicates that GOME-2 underestimates GPS in these months, likely due to CF is high enough (see Fig. 2 ), which reduces MBE, and SZA starts to be lower in these months (reducing also MBE).
Cloudiness dependence
The previous subsection has shown that the agreement between WVC from GOME-2 and GPS critically depends on cloudiness conditions during satellite overpass. In order to evaluate this dependency, Table 5 shows the statistical parameters for cloud-free (CF = 0), partially cloudy (0 b CF ≤ 0.5), cloudy (CF N 0.5) and all cases (All). For the four study zones, the MBE z is positive (negative) under cloud-free (cloudy) conditions which is in accordance with the results shown in Fig. 3 . Similar results were obtained by Antón et al. (2015) and by Kalakoski et al. (2014) using radiosounding data. Table 5 Statistical estimators of the direct comparison of water vapor column from GOME-2 versus GPS for different cloud conditions. The values are the average of the estimators at the N sta stations used in each zone, and the standard deviation of these averaged values is given in parentheses. Regarding SD z values, they are similar for all zones, increasing from 20% with increasing CF. It must be noted that υ z ðΔ s b 2εÞ is around 95% for all zones when CF = 0, but not for the remaining cloud conditions. In fact, for CF = 0, υ z ðΔ s b 2εÞ is always around 95% and it presents no significant variation with location even when it is calculated (not shown) for the three SZA intervals analyzed in the previous subsection. This result indicates that all WVC differences between GOME-2 and GPS under cloud-free conditions can be explained by the error of GOME-2 WVC data, but not for cloudy conditions. The main reason behind this bad behavior of satellite WVC observations under cloudy conditions is the so-called shielding effect: clouds hide the water vapor below them (Kokhanovsky and Rozanov, 2008) . GOME-2 algorithm removes from the retrieval those heavy cloudy scenes using the "H2O_flag", but does not make use of any cloud correction method for the remaining satellite scenes contaminated with some degree of cloudiness (Valks et al., 2011; Grossi et al., 2015) . The estimators for partially cloudy conditions present similar values than for "All" conditions, which are between cloud-free and cloudy conditions. This result made that partially cloudy conditions were not included in the rest of this study since they are similar to "All" conditions.
In order to study the influence of SZA and AF on the CF dependency, Fig. 4 shows the MBE and SD as a function of 0.1 CF bins for different SZA intervals, and for AF = 0 and AF = 1. The availability of data at each station decreases when CF increases. The relative SD shows the lowest values for low SZA values with land flag, being similar for all CF values. Regarding MBE, it is near to zero (good accuracy) for the smallest CF corresponding to SZA below 40°with AF = 0. Additionally, all MBE curves show a sharp decrease with increasing CF up to CF~0.3, and from this value, a slight decrease or stabilization. Furthermore, it must be noted the large difference between the curves corresponding to "land" and "sea" surfaces for SZA values below 40°, with MBE close to zero for "sea" cases. This latter result is associated with a balanced effect between the satellite overestimation related to "sea" surfaces and the underestimation due to low SZA conditions. 
Surface Albedo dependence
In the previous two subsections the influence of SZA and CF on MBE z and SD z were studied considering two albedo flags: "land" and "sea". Here, the influence of ground reflectivity is evaluated using the Surface Albedo (SA) data. Table 6 shows the statistical parameters for different SA intervals. The best accuracy and precision (MBE z~0 and low SD z ) is shown by NA zone for 0.1 b SA ≤ 0.2 and C zone for SA N 0.2. MBE z usually decreases to values near to zero when SA increases, which likely is since stronger surface reflection should give a better WVC sensitivity. When all zones are analyzed together, the GOME-2 data overestimate the GPS measurements for SA ≤ 0.2 and underestimates (with better precision) for the remaining Surface Albedos, which could be linked with the mentioned better WVC sensitivity under higher SA values. A similar result was found by Kalakoski et al. (2014) who found MBE values near to zero for Surface Albedo between 0.1 and 0.2. In order to minimize the possible effect of SZA, Fig. 5 shows the MBE and SD as a function of SA for three SZA intervals. The most of stations presents SA values between 0.15 and 0.20 (see Fig. 2 ), which causes that number of available data is higher in this range. Nevertheless, the results for low SA values are exclusively related to Mediterranean and North-Atlantic zones, while the results for higher albedos are mainly obtained in Continental data. As was found in the previous subsections, MBE and relative SD increase with increasing SZA. In addition, the precision of GOME-2 presents no significant variation with Surface Albedo. However, all MBE curves show a clear dependence on SA for values below 0.1, decreasing MBE values with increasing SA. These results suggest that GOME-2 data reduces the overestimation of GPS data for all SZA values when SA increases its value between 0 and 0.1 approximately. For the SA interval between 0.1 and 0.2, the MBE values corresponding to low SZA value are more negative (increase of underestimation) with increasing SA, while the MBE values for medium and high SZA values are more positive (increase of overestimation) with increasing SA. For SA values above 0.2, it can be seen a slight negative pattern of MBE values for all curves. Fig. 6 displays the MBE and SD as a function of SA for different CF conditions. The dependence of MBE values on SA is completely in Fig. 6 . Average of the MBE and SD (upper panels) of the N sta stations as a function of Surface Albedo for three CF and two AF conditions; these averages are in absolute (left) and relative (right) value. The error bars (only for AF = 0) are the standard deviation of the MBE s and SD s used to calculate the mean MBE and SD. Stacked bar plots (lower panels) represent the number of stations used to calculate the averaged MBE and SD (N sta ), and the total number of available water vapor data at the N sta stations (N), for three cloud conditions and different Surface Albedo bins; these values are represented for AF = 0 (left) and AF = 1 (right).
accordance with the results shown in Fig. 5 . Thus, MBE values decrease on increasing SA for the ranges 0-0.1 and 0.2-0.3, but they rise between 0.1 and 0.2 for cloud-free and cloudy conditions. This change in the behavior of SA dependency for the interval 0.1-0.2 was also shown by Kalakoski et al. (2014) (see their Fig. 6, right) . Overall, the variation of MBE and SD with Surface Albedo is weaker than the variation caused by SZA and CF.
Distance between station and pixel center
The results of this paper have been obtained considering that GOME-2 data correspond with the GPS data at stations even if the satellite pixel center is 100 km far from the stations. However, the distance between the pixel center and the station could affect the agreement between GPS and GOME-2 data. In order to study the effect of this distance on the agreement, some statistical parameters for different distance intervals were calculated and showed in Table 7 . 35%, 72% and 85% of all available data are within 20 km, 40 km and 60 km, respectively; it means that the obtained results are much influenced by the shortest distances. Relative MBE z decreases when the threshold of maximum Δr increases in NA and C zones, but it decreases in M and SW zones. MBE z variations with Δr are not much high since they range from 10.5% (Δr ≤ 20 km) to 10.1% (Δr ≤ 100 km) for all stations together. On the other hand, the precision is worse when Δr up to 100 km is considered because SD z increase in all zones, being from 25.4% (Δr ≤ 20 km) to 29.4% (Δr ≤ 100 km) when all stations are taken into account. Similar case happens with the values of υ z ðΔ s b εÞ and υ z ðΔ s b 2εÞ, which slightly decrease when Δr increases. These results point out that accuracy does not depends much on Δr likely because the differences are compensated, but the precision is sensible to Δr, showing more variation of the differences between GPS and GOME-2 data when Δr increases.
Conclusions
The water vapor column retrieved by GOME-2 on board MetOp-A platform is very promising, being in a good agreement with the GPS data recorded at the Iberian Peninsula. Nevertheless, this satellite product still needs some improvements in order to reduce the notable geometrical dependence observed for SZA above 40°.
Water vapor column retrieved by GOME-2 presents significant differences when is compared against GPS data at the Iberian Peninsula. The accuracy and precision of GOME-2 to predict WVC depend strongly on SZA and the cloud fraction, presenting better precision for SZA values below 40°and cloud-free conditions. In fact, the differences between GOME-2 and GPS data are within the GOME-2 error for cloud-free conditions. The effect of SZA and CF on the differences between GOME-2 and GPS is the main responsible of the differences between the calculated WVC monthly averages from GOME-2 and GPS; these differences being usually lower than 10% in spring and summer months for all zones mainly due to the low CF and SZA reached in these seasons.
The accuracy and precision of GOME-2 depend also, but weaker, on the type of surface (land or sea) and its albedo. GOME-2 is more precise under land and sea cloud-free, while the accuracy is better for land cloud-free under low SZA values and worse for sea and land cloudy when SZA increases. Regarding Surface Albedo value, MBE usually decreases to values near to zero when SA increases. All these results are obtained using data which distance between satellite pixel and station is lower than 100 km, then the data with highest distances could be responsible in part of a worse precision, although the major part of data present a distance lower than 40 km. Table 7 Statistical estimators of the direct comparison of water vapor column from GOME-2 versus GPS for different intervals of the distance between satellite center pixel and station (Δr) . The values are the average of the estimators at the N sta stations used in each zone, and the standard deviation of these averaged values is given in parentheses. 
